Disturbances a¤ecting agents' intertemporal substitution are the key driving force of macroeconomic ‡uctuations. We reach this conclusion exploiting the asset pricing implications of an estimated general equilibrium model of the U.S. business cycle with a rich set of real and nominal frictions. 2 GIORGIO E. PRIMICERI, ERNST SCHAUMBURG, AND ANDREA TAMBALOTTI
Introduction
Macroeconomic models imply two broad classes of optimization conditions. On the one hand, the intratemporal …rst order conditions equate the marginal rate of substitution (MRS) between two goods consumed at the same time to their relative price and, through this, to the marginal rate of transformation (MRT). On the other hand, the intertemporal …rst order conditions equate the MRS of the same good across time to the relative price and the MRT. This distinction is useful to state clearly the most important conclusion of this paper. The key source of macroeconomic ‡uctuations are shocks that directly perturb the intertemporal …rst order conditions of the agents' optimization problems, i.e. shocks perturbing the allocation of resources across time. We label these shocks intertemporal disturbances, to distinguish them from the intratemporal disturbances, which perturb instead the intratemporal …rst order conditions of the agents'maximization problems. 1 Date: October 2005. We are grateful to Larry Christiano and Alejandro Justiniano for many useful conversations and to participants to the 2005 annual meeting of the Society for Economic Dynamics and the Cleveland Fed conference on "Empirical methods and applications for DSGE and factor models"(in particular Ricardo Reis, our discussant) for comments.
1 This distinction is not necessarily a partition. Some shocks can perturb both the intratemporal and the intertemporal …rst order conditions. for consumption and/or investment stressed by our paper. Models that abstract from these frictions might therefore paint a misleading picture of the e¤ects of monetary policy on the economy.
Our results are quite surprising, when considered through the lens of macroeconomics. For example, Hall (1997) found that most of the movements in employment over the business cycle are due to intratemporal "preference" shocks. Hall's (1997) results have been con…rmed and expanded upon by Mulligan (2002b) , Mulligan (2002c) and Chari, Kehoe, and Mc-Grattan (2005) . Chari, Kehoe, and McGrattan (2005) in particular …nd that intertemporal shocks, or investment wedges in their accounting taxonomy, are a negligible source of business cycle ‡uctuations. This is true for the entire postwar sample, as well as more speci…cally during the Great Depression and the 1982 recession.
What is the source of the discrepancy between our results and those in the literature? We argue that the conclusion that intertemporal disturbances are unimportant is an artefact of the common practice of disregarding asset market data in macroeconomics. In fact, instead of using market measures of asset returns, the macroeconomic studies mentioned above measure the real rate of return on capital by its marginal product (MPK) . In other words, by focusing on a planner's problem, they directly equate marginal rates of substitution across time to marginal rates of transformation, ignoring their link through relative prices. In a competitive equilibrium, these di¤erences in measurement should not matter. In the data, however, there is a signi…cant discrepancy between market measures of asset returns and the marginal product of capital, as also emphasized by Mulligan (2002a) . In practice, this discrepancy has a dramatic impact on the empirical performance of the Euler equation. Indeed, the consumption Euler equation performs reasonably well when returns are measured by the MPK, but very poorly when returns are measured using asset market data (Hall (1988 ), Campbell (2003 ), Mulligan (2002a and Mulligan (2004) ).
One possible reaction to this …nding is simply to de-emphasize the asset pricing implications of macro models, and focus instead on their success with quantities. This approach is well established in macroeconomics, and has proved fruitful in addressing many interesting questions. However, we …nd it unsatisfactory, for at least two reasons. First, in a decentralized equilibrium, prices are the signals that lead agents to align marginal rates of substitution and transformation. Models that achieve the correct alignment of those rates, but with the wrong prices, should at least be "puzzling." Trying to solve this puzzle is a challenge squarely within the realm of macroeconomics, as forcefully argued by Cochrane (2005) . 2 Second, and most importantly for our purposes, disregarding asset prices is not a viable approach, if we are interested in modeling the short-term nominal interest rate as the main instrument of monetary policy.
Although in contrast with the macroeconomic tradition, our results are consistent with a long line of research in …nance, dating back at least to Hansen and Singleton's (1982 and 1983) seminal studies on the GMM estimation of Euler equations. This literature had varying degrees of success in recovering "reasonable"estimates of taste parameters. 3 However, one result is remarkably robust across all these studies. The overidentifying restrictions embedded in the Euler equation are consistently and overwhelmingly rejected. This clearly points to a severe misspeci…cation of the …rst order condition for intertemporal optimization, the same kind of misspeci…cation suggested by the importance of intertemporal disturbances in our framework.
Our work complements the …ndings of the …nance literature and extends them in one important direction. In fact, not only do we document the empirical failures of the model's Euler equations, but we also show that these failures account for a very large portion of U.S. output, investment, hours and consumption ‡uctuations. In other words, by embedding the Euler equations into a general equilibrium framework, we can measure the economic importance of the shocks perturbing the model's asset pricing moment conditions. The economic importance of these shocks cannot be assessed using the approach of the …nance literature dedicated to testing Euler equations in a partial equilibrium setting.
The paper is organized as follows. Section 2 presents the main intuition behind our conclusions, in the context of a stylized model. Section 3 introduces a more realistic model that we use for the estimation. Section 4 presents the estimation results. Section 5 concludes.
The Importance of Intertemporal Disturbances
This section presents a very stylized general equilibrium model, which is helpful in illustrating the intuition behind our main results.
Consider the problem of a representative household maximizing the familiar utility function, which depends on consumption (C) and hours worked (L):
In this formulation, b t is an exogenous shock to the consumer's impatience, which a¤ects both the marginal utility of consumption and the marginal disutility of labor. The household owns the …rms and the capital stock. Therefore, the budget constraint is given by C t+s +T t+s +I t+s +B t+s (1 + r t+s 1 ) B t+s 1 + t+s +w t+s L t+s +r k t+s K t+s , where T t represents lump-sum tax payments, I t is investment, B t is holding of government bonds, r t is the risk-free real interest rate, t is the pro…t earned from the ownership of the …rms and w t are real wages. Capital, denoted by K t , is rented to …rms at the rate r k t . Households accumulate the capital stock through investment, according to the equation
where denotes the capital depreciation rate and t is a random disturbance a¤ecting the e¢ ciency of producing capital goods, as in Greenwood, Hercowitz, and Krusell (1997) or Fisher (2005) . In a competitive equilibrium, the investment speci…c technology shock t is also equal to the inverse of the relative price of investment to consumption goods.
In this economy, …rms operate a Cobb-Douglas production function in capital and hours. They maximize pro…ts, operating in perfectly competitive markets. The model is closed by a Government, which …nances its budget de…cit by issuing short term bonds.
Focusing on the intertemporal …rst order conditions of the consumer problem, we have
Equations (2.1) and (2.2) can be interpreted as pricing equations for the riskfree bond and the capital stock respectively. M t+1 is the model's stochastic discount factor, which ‡uctuates endogenously with consumption, and exogenously with the taste disturbance b t : The investment speci…c shock t is a shock to the return on capital. Both disturbances perturb the model's Euler equations and, therefore, can be thought of as intertemporal disturbances.
When estimated, they can be interpreted as quantifying the empirical failures of the Euler equations, the extent to which empirical discounted returns do not equal one.
Why are our results about the importance of these intertemporal disturbances so di¤erent from those in the macro literature?
The key to answering this questions is the observation that equation Means and volatilities are very far apart. Moreover, it is hard to see any positive comovement. Given these enormous di¤erences, it should not be surprising that using di¤erent measures of the real interest rate might lead to a very di¤erent degree of success in …tting an Euler equation.
Indeed, a very large literature has stressed that, without the shock b t ; equation (2.1) performs rather poorly when confronted with the data (see Singleton (1990) for a survey). This is true even under much more general speci…cations for M t+1 than the one adopted here (Eichenbaum, Hansen, and Singleton (1988) ). In particular, equation (2.1) is resoundingly rejected by tests of overidentifying restrictions, no matter what the utility speci…cation, the measure of the interest rate, the list of instruments, or the frequency of the observations. This should suggest that looking at equations (2.1) and (2.2) jointly leads to a very di¤erent conclusion about the size and the importance of intertemporal disturbances, which are crucial in our DSGE model. In fact, the model's discount factor prices short-term bonds correctly, but only thanks 4 The in ‡ation rate averaged over the last four quarters is used as a proxy for expected in ‡ation. Following Hall (1997) and Chari, Kehoe, and McGrattan (2005) , the MPK is constructed using data on investment and the capital accumulation equation to derive the capital stock. to exogenous movements in b t . As a consequence, this same discount factor is unlikely to also price the capital stock, since b t increases its volatility above that of the marginal product of capital. Moreover, we know from Mulligan (2002a) and Mulligan (2004) that the capital stock is in fact priced reasonably well by consumption growth alone. Hence the importance of the other intertemporal shock t ; to realign the return on capital with the discount factor needed to …t equation (2.1).
This section illustrated how the unimportance of intertemporal shocks often observed in macroeconomics might be an artefact of concentrating on models in which capital is the only asset, equation (2.2) is the only Euler equation, and in which, therefore, the pricing of other assets is ignored. In fact, in the case of a small monetary model without investment dynamics analyzed in section 4.1, in which output is equal to consumption and equation (2.1) is the only Euler equation, output ‡uctuations are mostly explained by intertemporal shocks. In the more realistic case of a model with capital and, therefore, both Euler equations, we will show that paying attention to asset prices is a necessary, although not su¢ cient, condition for reversing the relative importance of intertemporal and intratemporal shocks as engines of the business cycle. In fact, in such a model, intertemporal disturbances have an enormous impact on investment and consumption ‡uctuations. However, they are not propagated to output and hours unless the model is enriched with a number of frictions. The reason is that, with no frictions, investment and consumption move in opposite directions in response to intertemporal disturbances. Real frictions help to reduce this negative conditional correlation, thus generating a more plausible transmission mechanism for intertemporal shocks. A more careful discussion of these issues is postponed until section 4.3.
A model of the US business cycle
This section presents the empirical model that will be used for the estimation and to document the quantitative importance of the points made in section 2. As a baseline speci…cation, we use a relatively large-scale model of the business cycle, with a number of nominal and real frictions, similar to that of Christiano, Eichenbaum, and Evans (2005) . In this model, the presence of habit formation in consumption and adjustment costs in investment makes the representation of the Euler equations equivalent to (2.1) and
(2.2) slightly more complex than in section 2. This version of the model has been shown to …t U.S. data nearly as well as Bayesian vector autoregressions (Smets and Wouters (2003)).
Following most of the literature, but di¤erently from Chari, Kehoe, and McGrattan (2005) , in our model exogenous disturbances are assumed to be uncorrelated. Clearly, this assumption imposes additional restrictions, but is needed in order to guarantee any meaningful structural interpretation for the shocks. 
p;t follows the exogenous stochastic process
where " p;t is i:i:d:N (0; 2 p ). Pro…t maximization and zero pro…t condition for the …nal goods producers imply the following relation between the price of the …nal good (P t ) and the prices of the intermediate goods (P t (i))
and the following demand function for the intermediate good i:
10 GIORGIO E. PRIMICERI, ERNST SCHAUMBURG, AND ANDREA TAMBALOTTI 3.2. Intermediate goods producers. A monopolist …rm produces the intermediate good i using the following production function:
where, as usual, K t (i) and L t (i) denote respectively the capital and labor input for the production of good i, F represents a …xed cost of production and A t is an exogenous stochastic process capturing the e¤ects of technology.
In particular, we model A t as a unit root process, with a growth rate (z t log At A t 1 ) that follows the exogenous process
where " z;t is i:i:d:N (0; 2 z ). As in Calvo (1983), a fraction p of …rms cannot re-optimize their prices and, therefore, set their prices following the indexation rule
where t is de…ned as Pt P t 1 and denotes the steady state value of t .
Subject to the usual cost minimization condition, re-optimizing …rms choose their price (P t (i)) by maximizing the present value of future pro…ts
where t+s is the marginal utility of consumption, W t and r k t denote respectively the wage and the rental cost of capital.
3.3. Households. The …rms are owned by a continuum of households, indexed by j 2 [0; 1]. As in Erceg, Henderson, and Levin (2000), while each household is a monopolistic supplier of specialized labor (L t (j)), a number of 'employment agencies'combines households'specialized labor into labor services available to the intermediate …rms
Pro…t maximization and zero pro…t condition for the perfectly competitive employment agencies imply the following relation between the wage paid by the intermediate …rms and the wage received by the supplier of specialized
and the following labor demand function for labor type j:
Each household maximizes the utility function 5
preference shock that a¤ects the marginal disutility of labor and b t is a "discount factor" shock a¤ecting both the marginal utility of consumption and the marginal disutility of labor. These two shocks follow the stochastic processes
Notice also that, following the real business cycle tradition, in order to ensure the presence of a balanced growth path, we work with log utility.
The household budget constraint is given by
is the net cash ‡ow from participating in state contingent securities, t is the per-capita pro…t that households get from owning the …rms. Households own capital and choose the capital utilization rate which transform physical capital ( K t (j)) in e¤ective capital
which is rented to …rms at the rate r k t (j). The cost of capital utilization is a(u t+s (j)) per unit of physical capital. As in Altig, Christiano, Eichenbaum, and Linde (2005), we assume that u t = 1 and a(u t ) = 0 in steady state. The usual physical capital accumulation equation is described by
where denotes the depreciation rate and, as in Christiano, Eichenbaum, and Evans (2005) and Altig, Christiano, Eichenbaum, and Linde (2005), the function S captures the presence of adjustment costs in investment, with S 0 = 0 and S 00 > 0 in steady state. 6 t is a random shock to the price of investment relative to consumption and follows the exogenous process log t = log t 1 + " ;t .
As in Erceg, Henderson, and Levin (2000), a fraction w of households cannot re-optimize their wages and, therefore, set their wages following the indexation rule
The remaining fraction of re-optimizing households set their wages by max- 
where R is the steady state for the nominal interest rate and " M P;t is an i:i:d:N (0; 2 R ) monetary policy shock.
Fiscal policy is assumed to be fully Ricardian, with the Government …nancing its budget de…cit by issuing short term bonds. Public spending is given by
where g t is an exogenous disturbance following the stochastic process
3.5. Market Clearing. The resource constraint is given by
3.6. Steady State and Model Solution. Since the technology process A t is assumed to have a unit root, consumption, investment, capital, real wages and output evolve along a stochastic growth path. Once the model is rewritten in terms of detrended variables, we can compute the non-stochastic steady state and loglinearly approximate the model around the steady state.
We conclude the discussion of the model by specifying the vector of observables, completing the state space representation of our model:
where log X t denotes log X t log X t 1 . A description of the data series that we use for the estimation can be found in appendix A. We …x a small number of the model parameters to values commonly used in the existing literature. In particular, we set the steady state share of capital income ( ) to 1 3 , the quarterly depreciation rate of capital ( ) to 0:025 and the steady state government spending to GDP ratio (1 1=g) to 0:22, which corresponds to the average value of G t =Y t in our sample. (2005)). To compare our results with the new-Keynesian literature, we estimate the model using only data on output, in ‡ation and the short-term nominal interest rate. Consequently, we consider only a subset (four) of the shocks presented in the fully- ‡edged model: technology (z t ), monetary policy (" M P t ), mark-up 7 ( p;t ) and discount factor shock (b t ). Table 2 reports posterior medians, standard deviations and 90 percent posterior intervals for the coe¢ cients that we are able to identify in this small model. The estimates of the coe¢ cients are reasonable and in line with previous results in the literature (see, for instance, Ireland (2004)). In particular, observe the high estimate of the price stickiness parameter ( p ), which has been criticized for being in contrast with the micro evidence on price rigidity (Bils and Klenow (2004)). 8 7 Notice that the mark-up shock is not separately identi…ed from the intratemporal taste shock (' t ) in this version of the model. 8 However, indexation makes the results consistent with the micro evidence on the high frequency of price changes, since it implies that prices change every period.
Empirical results
The introduction of the discount factor shock (b t ) makes our results interesting in several respects. First, the …t of the model improves drastically with respect to the case without the discount factor shock. Summarizing, from this estimation exercise we draw the main conclusions that the intertemporal disturbance (in this version of the model, the shock to the discount factor, b t ) plays a crucial role. In fact, not only it improves the …t of the model dramatically, but it also explains most of output ‡uctuations.
4.2.
Empirical results based on the fully- ‡edged model. In this subsection we turn to the estimation of the fully- ‡edged model presented in section 3. (2005)). Once again, particularly interesting is table 5, reporting the variance decomposition exercise for the fully- ‡edged model. A couple of points deserve particular attention. First, the disturbance to the stochastic discount factor is the most important shock in explaining consumption ‡uctuations. In fact, the b t shock accounts alone for almost 50 percent of the variance of consumption growth. The important role of the preference shock b t is even more surprising in light of the fact that the estimated 9 A similar result on the importance of the bt shock is obtained by Justiniano and Preston (2005) in an open economy framework. model exhibits habit formation in consumption. This feature helps explain the observed persistence in consumption, mitigating the failure of the Euler equation. However, the introduction of habits also generates a higher variability of the risk-free rate, which in some case exceeds the one observed in the data (see, for instance, the discussion in Boldrin, Christiano, and Fisher (2001) or Campbell and Cochrane (1999)). This might also explain the importance of b t in our framework, although this issue deserves further investigation.
The second important thing is that the other intertemporal disturbance, the shock to the relative price of investment goods, t ;is by far the most im- As mentioned earlier, our conclusion di¤ers importantly from that of previous macroeconomic studies. The intuition explaining this discrepancy was illustrated in section 2. Here we want to observe that our …ndings diminish, but do not undermine, the importance of intratemporal shocks, such as the "labor wedge" emphasized by Hall (1997) utilization rate and no adjustment costs in investment. The shocks we consider in this case are the neutral and investment speci…c technology shocks, z t and t ; the intratemporal preference shock, ' t and the government spending shock, g t . This is similar to the speci…cation adopted by Hall (1997) and
Chari, Kehoe, and McGrattan (2005) , and we follow them in including only output, consumption, investment and hours worked as observable variables in the estimation. The variance decomposition for this model is in table 6.
The results are in line with those of the previous macro literature. In particular, the ‡uctuations of output and the labor input are entirely explained by the intratemporal shocks. The neutral technology shock explains 60 percent of output variability, with the remainder almost exclusively due to the intratemporal preference shock, which also accounts for 95 percent of ‡uctuations in labor, an even more extreme result than Hall's (1997) . Note, however, that the intertemporal shock ( t ) does play a role in generating ‡uctuations in investment, and especially in consumption, even in this simple economy. This suggests that, although Mulligan (2002a) has shown that the standard Euler Equation prices capital better than bonds, its …t is still not perfect. 10
What is interesting is that, in this prototypical growth model, the ‡uctuations in consumption and investment generated by the intertemporal shock o¤set each other, leaving no role for this shock to explain output. This is because embodied technological progress generates a negative conditional correlation between consumption and investment, which leaves output basically unchanged (this point is illustrated in …gure 2, where we plot the impulse responses to the t shock in the prototypical growth model). As a consequence, the likelihood would rather load on other shocks to generate business cycles, since consumption and investment are both procyclical.
4.3.2.
The role of real frictions. Can real rigidities alone account for the paramount role of intertemporal disturbances in the fully- ‡edged model?
The answer is no, as clearly illustrated by the results in table 7. Here we augment the prototypical growth model described above with all the 10 In fact, Mulligan (2002a) shows that the standard consumption Euler equation correctly prices the after-tax return on capital. Our estimated intertemporal disturbance might therefore simply re ‡ect the absence of taxes in our model. real frictions also featured in the fully- ‡edged model. They are habit in consumption, variable capital utilization, investment adjustment costs and (real) wage rigidity.
The variance decomposition for this model is virtually identical to that of the previous model without frictions. Mechanically, the reason for the similarity of the results is that the posterior estimates of the parameters imply a small deviation from the frictionless model, with a limited degree of habit persistence, a very low investment adjustment costs and wage stickiness. This is because the main role of real rigidities is to generate a plausible transmission mechanism for intertemporal shocks, as we will see in more detail below. But in a model with no asset prices, such a mechanism is not needed, because intertemporal shocks can still be safely ignored when accounting for business cycles. We conclude that, from the vantage point of real models, intratemporal conditions are the ones requiring more work, as also suggested by Chari, Kehoe, and McGrattan (2005) . 4.3.3. The role of asset prices. The next step is then to consider the e¤ect of including the nominal interest rate among the observable variables. We do so by adding price stickiness to the stochastic growth model, or equivalently stripping the fully- ‡edged model of the consumption, investment and wages rigidities. Compared to the two real models described above, this speci-…cation has three more observables, price and wage in ‡ation and nominal interest rates, and three more shocks, to monetary policy (" M P and in ‡ation are due to those same shocks. Our empirical procedure can satisfy the model's restrictions imposed by the two Euler equations, in a way which is compatible with the observed evolution of the nominal interest rate, consumption and investment, only by loading signi…cantly on both the intratemporal shocks. This is a fairly clear manifestation of the Euler equation's failure as a restriction on the returns measured in …nancial markets.
Nevertheless, the variability of output and labor remains an overwhelmingly intratemporal phenomenon. The e¤ect of the intertemporal shocks is con…ned to ‡uctuations in consumption and investment, but these ‡uctuations still largely o¤set each other, resulting in virtually no movement in output and hours. In other words, asset prices bring to the fore some of the holes in the standard theory of intertemporal substitution. In our framework, these holes manifest themselves as intertemporal disturbances.
However, the model's transmission mechanism is not rich enough to propagate these shocks from consumption and investment to hours and output.
This propagation is achieved instead by the inclusion of real frictions, as illustrated by the variance decomposition for the fully- ‡edged model in table   5 . Here, the intertemporal shocks together account for 41 percent of the ‡uctuations in output and 58 percent of those in labor, with the investment speci…c technology shock playing the key role.
The economic mechanisms behind this result are illustrated by the impulse responses in …gure 3. As in all the models, an investment speci…c shock produces an investment boom. Without frictions, this is mostly …nanced by a reduction in consumption, with output almost unchanged. This is clearly not a business cycle (Greenwood, Hercowitz, and Krusell (2000) and Greenwood, Hercowitz, and Hu¤man (1988) ). In the model with frictions, on the other hand, the investment boom is more gradual, due to the adjustment costs, and the reduction in consumption is kept in check by habits. At the same time, the sensitivity of the marginal utility of income to this change in consumption is high, amplifying the positive shift in labor supply. Moreover, the increase in demand triggered by the investment boom leads …rms to hire more labor. And since wage stickiness ‡attens the labor supply curve, the result is a signi…cant increase in hours. In addition, the drop in the relative price of new capital makes it optimal to increase the utilization rate, which further supports the increase in output. This in turn …nances some of the increase in investment, relieving the pressure on consumption, which in fact turns positive approximately two years after the shock. (2004)). This suggests that the shocks that we identi…ed as the main sources of business cycles still hide important unmodeled structural relationships. Our …ndings suggest that the next most fruitful modeling step should be towards improving our understanding of intertemporal choices. In this paper we follow Cochrane's (2005) 
Concluding remarks

